Most of our insight into the mechanism of activation of the FIP1L1-PDGFRα kinase, its downstream signaling and its sensitivity to kinase inhibitors has been obtained from studies using ectopic overexpression of the recombinant fusion protein in Ba/F3 cells or other cell lines such as HEK293T. The interleukin-3 (IL-3)-dependent Ba/F3 cell line has been widely used to study oncogenic tyrosine kinases, since many constitutively activated tyrosine kinases can transform the Ba/F3 cells to IL-3-independent growth. 1, 6, 7 It is at present unknown if the data obtained from such overexpression experiments is completely valid and if it accurately resembles the actual situation in the leukemia cells in which there is only one copy of the FIP1L1-PDGFRA gene driven by the FIP1L1 promoter.
To address this question, we used CRISPR/Cas genome editing to generate the Fip1l1-Pdgfra fusion gene by inducing a 600-kb interstitial chromosomal deletion in the Ba/F3 cell line. 8 We designed six different guide RNAs (gRNAs) targeting exons 9, 10, 11 or 12 of Fip1l1 and three different gRNAs targeting exon 12 of Pdgfra, reflecting similar breakpoints found in FIP1L1-PDGFRA positive patients 1 ( Figure 1b) . The design tool developed by the Zhang lab (crispr.mit.edu) was used to find gRNAs with minimal off-target effects. 9 gRNA sequences were cloned into a plasmid (pX330) carrying a Cas9 expression cassette, and this plasmid was delivered into Ba/F3 cells by electroporation. The targeting efficiency of the individual gRNAs in Ba/F3 cells was determined using next-generation sequencing. Using the same strategy, the frequency of insertions/deletions was determined for the top-4 genomic off-target locations as predicted by the design tool. Typically, we observed an on-target targeting efficiency between 8 and 55%, while for off-target locations the observed indel frequency was below 0.005% (Figure 1c) .
To generate various Fip1l1-Pdgfra fusion genes (designated FP1 to FP6), we combined a gRNA targeting an exon of Fip1l1 with a gRNA targeting exon 12 of Pdgfra. Upon IL-3 removal, only Ba/F3 cells that had generated an oncogenic Fip1l1-Pdgfrα fusion protein were able to survive and proliferate in the absence of IL-3 ( Figure 1d ). The presence of the fusion gene and protein was confirmed by PCR and western blotting, respectively (Figures 1e and f) .
Single cell clones were generated from the Ba/F3 cells harboring the six different Fip1l1-Pdgfra fusions using semi-solid growth medium (Clonacell, Stem Cell Technologies, Vancouver, BC, Canada). The region spanning the fusion between Fip1l1 and Pdgfra was amplified by PCR and sequenced using Sanger sequencing (Figure 1g ). Fluorescence in situ hybridization (FISH) confirmed the presence of the deletion between Fip1l1 and Pdgfra on one copy of mouse chromosome 5 and we consistently only observed heterozygous deletions (Figure 1h ). These data confirm that the Fip1l1-Pdgfra fusion gene can be generated by CRISPR/ Cas genome editing and that expression of the fusion gene is sufficient to transform Ba/F3 cells in a similar manner to ectopic overexpression of the recombinant FIP1L1-PDGFRA fusion.
We showed previously that the Fip1l1 portion of the Fip1l1-Pdgfrα fusion protein is dispensable for its transforming capacities. 10 We have to note, however, that this was only studied under overexpression conditions. 10 Using the genome editing strategy, we now generated a fusion between Fip1l1 exon 1 and Pdgfra exon 12 (designated FP7), using gRNAs F7+P3 (Figure 1b) . This strategy generated a fusion protein, as shown in Figure 2a , which was able to transform the cells, confirming that also with normal expression levels, the Fip1l1 part is dispensable for constitutive kinase activation (Figures 2b-d) .
We also showed previously that disruption of the juxtamembrane domain of Pdgfra (exon 12), removing one of the conserved tryptophan residues responsible for autoinhibition of the JM domain, is absolutely required for the transforming capacities of the fusion protein. 10 To confirm these earlier findings with more normal expression levels, we used the same genome editing strategy to generate a Fip1l1-Pdgfrα fusion protein with an intact juxtamembrane domain (Figure 2e ). We designed four different gRNAs targeting intron 10 of Pdgfra (designated P4a-d, Figure 1b) , from which three gRNAs were able to generate a fusion gene in combination with a gRNA targeting Fip1l1 ( Figure 2f , the four different fusions are designated FP9-1 to FP9-4). However, these fusion proteins were not able to transform Ba/F3 cells ( Figure 2g ). These data show that Fip1l1 is dispensable for the transformation capacities of the Fip1l1-Pdgfrα fusion protein, and that interruption of the juxtamembrane domain is critical for the activation of the Fip1l1-Pdgfrα protein. Taken together, these results show that previously obtained data with overexpression models are valid.
Next, we compared the expression and phosphorylation levels of Fip1l1-Pdgfrα between the CRISPR/Cas-generated Ba/F3 cells harboring the endogenous Fip1L1-Pdgfra fusion gene and retrovirally transduced cells overexpressing FIP1L1-PDGFRA. Retrovirally transduced cells showed more than 10-fold higher protein expression and phosphorylation levels of FIP1L1-PDGFRα, as calculated by ImageJ software. We observed similar expression and phosphorylation of Stat5, which is a downstream effector of Fip1l1-Pdgfrα (Figure 2h ). When the cells were treated with 100 nM imatinib, the autophosphorylation of Fip1l1-Pdgfrα was completely inhibited (Figure 2h) . Remarkably, the EC50 values (measured after 24 h exposure to Imatinib) were not significantly different between the CRISPR/Cas-generated Ba/F3 cells and retrovirally transduced cells (95% confidence intervals for the EC50 values shown in Figure 2i ). These results show that, despite Accepted article preview online 8 March 2016; advance online publication, 29 March 2016 the more than 10-fold difference in protein expression levels, the sensitivity of the cells to imatinib was not significantly altered.
Overall, these data show that it is feasible to generate fusion genes in the IL3-dependent Ba/F3 cell line using CRISPR/Cas genome editing, and that these fusion genes can transform the cells to IL3-independent growth. We also conclude that no major differences were observed between Ba/F3 cells overexpressing FIP1L1-PDGFRA from a retroviral construct and CRISPR/Cas engineered cells. The cells equally activated the downstream effector Stat5, and were equally sensitive to imatinib, despite the huge differences in protein expression levels. Moreover, previous data on the mechanism of activation were confirmed in the CRISPR/Cas engineered cells. Our data demonstrate an important application of the CRISPR/Cas genome editing tool, which makes it possible to study the oncogenic properties of activated tyrosine kinases without the need for ectopic overexpression.
Donor cell leukemia arising from clonal hematopoiesis after bone marrow transplantation Leukemia (2016 Leukemia ( ) 30, 1916 Leukemia ( -1920 doi:10.1038 /leu.2016 Alterations in genes encoding epigenetic regulators are common in myeloid malignancies, and several recent studies have demonstrated that these mutations are present at high frequencies within peripheral blood cells in~10% of individuals over 60 years of age. Although the presence of these mutations carries an increased risk of subsequent hematologic malignancies, the vast majority of individuals do not progress clinically and the natural history of clonal hematopoiesis is unclear. [1] [2] [3] Thus, the term Clonal Hematopoiesis of Indeterminate Potential (CHIP) was proposed. 4 Allogeneic bone marrow transplantation (alloBMT) remains the only curative therapy for many patients with hematologic malignancies. Over the past decade, advances in alloBMT have permitted older patients to successfully undergo the procedure. Accordingly, older matched sibling donors are being utilized. Moreover, the development of safe and effective haploidentical BMT allows parents to serve as related donors for their children. 5 We hypothesized that clinically silent 'premalignant' clones (which do not result in overt malignancy under homeostatic conditions within the donor) may be subjected to substantial proliferative and self-renewal stress during the engraftment process and could undergo transformation. We report two cases of donor cell leukemia (DCL) arising from CHIP marked by somatic mutations in leukemia-related genes in donors over age 60 years.
The study was approved by the Institutional Review Board at the Johns Hopkins University. Clonality was detected by a custom leukemia DNA sequencing panel covering 637 genes important in oncogenesis (Supplementary Methods).
From 2011 to 2014, we used 61 bone marrow donors 460 years-of-age at our institution (Supplementary Table 1 ). Median and maximum follow-up were 389 and 1481 days, respectively. Two recipients developed DCL for a cumulative incidence of 6.3% (95% confidence intervals: 0.94%, 19.6%). Donors and recipients characteristics are given in Supplementary Tables 1 and 2 . Patient 1 was diagnosed with therapy-related AML and received two rounds of induction chemotherapy followed by myeloablative, haploidentical allo-BMT from his 68-year-old mother. The patient's course was complicated by primary graft failure and he subsequently underwent salvage nonmyeloablative haploidentical peripheral blood stem cell transplantation from the same donor. The bone marrow biopsy at 2.5 years showed focal erythroid dysplasia and no increased blasts (Supplementary Figure 1a) . His 
